This study identifies a calmodulin-binding sequence in Sema4D and shows that calmodulin binds to Sema4D in resting platelets. • Dissociation of the Sema4D: calmodulin complex is sufficient to trigger Sema4D cleavage and shedding of the extracellular domain.
Introduction
Sema4D (CD100), a class IV semaphorin family member, is a 150-kDa type I membrane glycoprotein. The mature protein is a disulfidelinked homodimer that includes an NH 2 -terminal (N-terminal) sema domain and a cytoplasmic domain containing sites for tyrosine and serine and/or threonine phosphorylation. [1] [2] [3] [4] [5] Sema4D was first described on T cells where it supports B-cell differentiation by binding to the low-affinity receptor CD72. 3, [6] [7] [8] Subsequent studies have identified roles for Sema4D in axon guidance, [9] [10] [11] [12] angiogenesis, [13] [14] [15] [16] [17] and tumor progression [18] [19] [20] and showed that some of these effects are mediated by the high-affinity receptor plexin-B1 20 and the related lower-affinity receptor plexin-B2. 21, 22 In previously published studies, we have shown that Sema4D is expressed by platelets and that it participates in the hemostatic response to injury by reinforcing collagen-initiated platelet activation in a contact-dependent manner. 23, 24 Deletion of Sema4D protects mice against the development of atherosclerosis by attenuating platelet hyperactivity in the setting of hyperlipidemia 25 and reducing intimal neovascularization, 26 which suggests that platelet Sema4D has an impact on the vessel wall as well as on platelets. Our previous studies also showed that the extracellular domain of Sema4D is gradually shed from the surface of activated platelets as a soluble 120-kDa fragment that retains biological activity. 23, 24 Here we have returned to the topic of Sema4D shedding by platelets, examining the mechanisms that regulate cleavage.
In the past several years, exodomain shedding has emerged as a mechanism for modulating platelet function. Our in-depth analysis of the platelet sheddome identified fragments of approximately 69 membrane proteins in the supernate of activated platelets, including Sema4D. 27 A comparison of those proteins with the much larger number of membrane proteins (626) detected in a recent survey of the platelet proteome 28 shows that not every platelet membrane protein is shed and suggests that platelets shed their protein exodomains selectively. Among the shed membrane proteins that have been studied the most are GPVI and GPIba, the platelet receptors for collagen and von Willebrand factor, respectively. [29] [30] [31] Shedding of both proteins involves the association of their intracellular domains with calmodulin, [32] [33] [34] [35] as does the shedding of PECAM-1 (CD31). 36 It is not clear, however, that this is a general mechanism for regulating shedding in platelets.
Cleavage not only eliminates proteins from the surface of cells, it can also generate bioactive fragments. Early studies showed that soluble Sema4D is generated by a spontaneous shedding from lymphocytes. 37 Receptors for Sema4D have been identified on endothelial cells 13 and B cells, 6 as well as on platelets. We have previously shown that Sema4D cleavage and shedding are prevented by metalloprotease inhibitors and abolished in platelets from mice that lack the metalloprotease ADAM17 (also called TACE [tumor necrosis factor-a-converting enzyme]). 23 We now show that there is a regulated association of Sema4D with calmodulin in resting platelets and that this association is disrupted by agonists that cause platelet activation and Sema4D cleavage. We also show that there is a calmodulin-binding sequence in the membrane-proximal Sema4D cytoplasmic domain and that interrupting the binding of calmodulin to this sequence is sufficient to cause cleavage and shedding of the Sema4D extracellular domain, producing a fragment indistinguishable from the one produced by platelet agonists.
Materials and methods

Materials
Mouse monoclonal Sema4D carboxyl-terminal (C-terminal) antibody (30/ CD100) was from BD Biosciences (San Jose, CA). Rabbit monoclonal Sema4D N-terminal antibody (EP3569) was from Epitomics (Burlingame, CA). A monoclonal Sema4D N-terminal antibody (1E8G9) was generated in mice immunized with the full-length extracellular domain of human Sema4D. Phorbolmyristate acetate (PMA), W7, calmodulin (CaM) -agarose, avidin-agarose, and protease inhibitor cocktail were from Sigma-Aldrich (St. Louis, MO). The CaM antibody (Cat #05-173), TACE Substrate II (MCA-PLAQAV(Dpa)RSSSR-NH) and ADAM-17 Substrate II (fluorogenic) were from Millipore (Billerica, MA). GM6001 and TAPI-2 were from Calbiochem (La Jolla, CA). Recombinant protein G-agarose was from Invitrogen (Carlsbad, CA). The actin antibody was from Beyotime (Jiangsu, China). Anti-CD100-phycoerythrin (PE) (A8) was from Abcam (Cambridge, UK). Monoclonal antibody SZ2 against GPIba was described previously. 38 Monoclonal antibody (6B12-3) against human platelet GPVI was a generous gift from Dr. Mark Kahn (University of Pennsylvania, Philadelphia, PA). 39 
Preparation of platelets
Venous blood was obtained from healthy donors with informed consent in accordance with the Declaration of Helsinki and permission from local ethical committees and was anticoagulated 1:5 with 65 mM Na 3 citrate, 70 mM citric acid, and 100 mM dextrose [pH 4.4]. Platelet-rich plasma was obtained by centrifuging at 900 rpm for 20 minutes. Washed platelets and gel-filtered platelets were prepared as described 40 and maintained at 37°C for 1 hour prior to assay.
Co-immunoprecipitation
Washed platelets (2 to 5 3 10 8 /mL) were resuspended in Tyrode's buffer (137 mM NaCl, 2 mM KCl, 0.3 mM NaH 2 PO 4 , 1 mM MgCl 2 , 5.5 mM glucose, 5 mM N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid, 0.1% bovine serum albumin [BSA] [pH 7.4]) and treated with 10 mg/mL collagen, 1.0 mM PMA, 5 mM calmodulin-binding peptide of Sema4D (CBPS) or 5 mM vCBPS [a variant peptide in which Ala was substituted for 4 basic residues] for 30 seconds at 37°C. Platelets were lysed by the addition of an equal volume of ice-cold lysis buffer (1% vol/vol Triton X-100, 40 mM Tris-HCl, 10 mM EGTA [pH 7.3]) containing a protease inhibitor cocktail, centrifuged at 5000 rpm for 10 minutes at 4°C, and precleared with 30 mL of protein G-agarose for 3 hours. Lysates were immunoprecipitated by using 3 mg/mL 1E8G9 overnight at 4°C. After 3 washes with phosphate-buffered saline (PBS; pH 7.4), proteins bound to the beads were eluted with Laemmli sample buffer (Bio-Rad, Hercules, CA) and analyzed by immunoblotting using the anti-calmodulin antibody.
Peptide synthesis
The CBPS corresponding to residues Arg762-Lys779 (NH2-RQCLKFR SALLIGKKKPK-COOH) of the C-terminal portion of Sema4D (NCBI Reference Sequence: NP_006369.3) with or without myristoylated or biotinylated tags was synthesized by Shanghai Bootech BioScience & Technology Co., Ltd. (Shanghai, China) and is designated CBPS. A variant peptide in which Ala was substituted for 4 basic residues is designated vCBPS. Purity was .99% in all cases.
Calmodulin-binding assay CBPS or vCBPS (10 mg) in PBS (pH 7.4) was incubated with 20 mL calmodulin-agarose beads at 4°C for 4 hours. After washing 3 times with PBS (pH 7.4), bound peptide was eluted with Laemmli sample buffer and analyzed by Tris-tricine polyacrylamide gel electrophoresis and silver staining (Beyotime). Alternatively, platelet cell lysate was incubated with biotinylated CBPS or vCBPS (10 mg/mL) at 4°C overnight and further incubated with 50 mL avidin-agarose beads at 4°C for 3 hours. After washing 3 times with PBS (pH 7.4), proteins bound to the beads were eluted with Laemmli sample buffer and analyzed by immunoblotting using the anti-calmodulin antibody.
A fluorescence-based assay for the binding of the Sema4D peptides to calmodulin Calmodulin conjugated with 5-({2-[(iodoacetyl)amino]ethyl}amino) naphthalene-1-sulfonic acid (IAEDANS) has been described previously. 41 The stock solution of IAEDANS-labeled calmodulin (I-CaM) was added to ;3 mL of 10 mM 4-morpholinepropanesulfonic acid buffer (pH 7.4) that also contained 100 mM NaCl, 0.1 mg/mL BSA, and 0.1 mM CaCl 2 to achieve a final protein concentration of 50 nM. Ligand peptide solutions were prepared with the same buffer containing I-CaM so that the I-CaM concentration was kept constant during titration. All the solutions were passed through a 0.2-mm filter prior to the experiments. The steady-state IAEDANS fluorescence of the peptide-calmodulin mixture was acquired on a SpectraMax M Series Microplate Reader (Molecular Devices, Sunnyvale, CA). The excitation and emission wavelengths were 340 nm and 460 nm, respectively. The slit widths for excitation and emission were adjusted to minimize photobleaching of the samples and to achieve sufficient fluorescent signal intensity. When applicable, the fluorescence measurements as a function of peptide concentration were fitted with the hyperbolic function as described. 41 Immunoblotting Aliquots of gel-filtered platelets (100 mL) were incubated with PMA or CBPS at 37°C. The reactions were stopped by the addition of radioimmunoprecipitation assay buffer (1% Triton X-100, 1% deoxycholate, 0.1% sodium dodecyl sulfate, 10 mM Tris, 150 mM NaCl) with protease inhibitors. After heating to 97°C for 10 minutes, proteins were separated by using 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane (Bio-Rad). The membrane was incubated with antibodies at 4°C overnight followed by the corresponding secondary antibodies (goat anti-rabbit IRDye 800CW and goat anti-mouse IRDye 800CW). Densitometric band scanning was performed by using an Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE).
ADAM17 activity
Gel-filtered platelets were treated with collagen (10 mg/mL), CBPS (50 mM), or vCBPS (50 mM) for 30 minutes at 37°C and then incubated with 10 mM fluorogenic quenched TACE substrate peptide ((7-methoxycoumarin-4-yl) acetyl-PLAQAV-N-3-(2,4-dinitrophenyl)-L-2,3-diaminopropionyl-RSSSR-NH2) (Calbiochem) at 37°C. ADAM17 activity was measured in a 96-well white plate (OptiPlate; PerkinElmer, Melbourne, Australia) at 37°C using a SpectraMax M Series Microplate Reader (Molecular Devices) set at 320/405 nm.
Confocal fluorescence microscopy
Glass slides were coated with fibrinogen (20 mg/mL) overnight at 4°C, blocked with 1% BSA in PBS for 2 hours, and then washed 3 times with PBS prior to use. Gel-filtered platelets were treated with fluorescein isothiocyanate (FITC) -myr-CBPS, FITC-myr-vCBPS, FITC-CBPS, or FITC-vCBPS for 30 minutes at room temperature and allowed to spread on immobilized fibrinogen for 60 minutes. Slides were analyzed by using a Fluovier FV1000 laser confocal microscope.
Flow cytometry
Gel-filtered platelets were incubated with 10 mM PMA, 10 mΜ FITC-myr-CBPS, FITC-myr-vCBPS, FITC-CBPS, or FITC-vCBPS for 15 minutes. Platelets were fixed with formaldehyde and stained with PE-conjugated mouse anti-human CD62P antibody (eBioscience, San Diego, CA). PEconjugated mouse immunoglobulin G was used as an isotype control (Santa Cruz Biotechnology, Santa Cruz, CA). Cells were analyzed by using a BD FACSCalibur Flow Cytometer (BD Biosciences).
Mutational analysis
Full-length complementary DNA of Sema4D (OriGene Technologies, Rockville, MD) was cloned into pSecTag2 B vector. Two truncation mutants were generated by inserting a premature stop codon in place of P761 (P761D) or D781 (D781D) by polymerase chain reaction. All constructs were verified by using DNA sequencing prior to transfection. pSecTag2 B vectors expressing wild-type or mutant Sema4D were transfected into Chinese hamster ovary cells by using X-tremeGENE HP DNA transfection reagent following the supplier's instruction (Roche) and incubated for 48 hours. Soluble Sema4D in supernatants was immunoprecipitated with 1E8G9 and immunoblotted with EP3569. Sema4D on the platelet surface was monitored by flow cytometry.
Statistical analysis
Data were analyzed by using GraphPad Prism 5.0 software and presented as means 6 standard error of the mean. The statistical significance was determined by one-way analysis of variance with the Bonferroni post test for multiple groups.
Results
Sema4D is constitutively bound to calmodulin, forming a complex that dissociates during platelet activation
Our previous studies showed that Sema4D is gradually cleaved and shed in an ADAM17-dependent manner during platelet activation but left open the mechanism by which cleavage is regulated. 23 Although the impact of knocking out expression of Sema4D on platelets seemed to be limited to events mediated by the platelet collagen receptor GPVI, all of the agonists that were tested, including thrombin, thromboxane A 2 mimetics, and PMA as well as collagen, were equally effective in causing cleavage of Sema4D. Cleavage releases a soluble 120-kDa extracellular domain fragment, leaving behind a fragment that contained the remaining extracellular domain, the transmembrane domain, and the cytoplasmic domain. Cleavage did not occur as quickly as platelet aggregation but was detectable within 5 minutes and reached completion within 30 to 45 minutes. 23 The data in Figure 1A -B show that calmodulin BLOOD, 16 MAY 2013 x VOLUME 121, NUMBER 20 REGULATION OF PLATELET SEMA4D SHEDDING co-precipitates with Sema4D in resting platelets. Preincubating the platelets with collagen for 30 seconds at 37°C reduced the amount of calmodulin that precipitated with Sema4D by 75%. Preincubating the platelets with PMA for 30 seconds reduced it by 51%. The decrease was not caused by Sema4D cleavage, which is barely detectable within this time frame. 23 Therefore, these data show that Sema4D is bound to calmodulin in resting platelets, but this complex dissociates during platelet activation at a rate that precedes Sema4D cleavage.
A calmodulin binding site is present in the membrane-proximal region of Sema4D cytoplasmic domain A search of the Calmodulin Target Database 42 identified a potential binding site for calmodulin in the membrane-proximal Sema4D cytoplasmic domain (RQCLKFRSALLIGKKKPK, Arg762-Lys779). Figure 1C shows a sequence alignment of this polybasic region with the cytoplasmic domains of three other platelet surface proteins that have been shown to bind to calmodulin. A helical wheel projection suggests that the charged residues in this region of the Sema4D cytoplasmic domain are arranged to form a predicted calmodulin-binding site in the shape of an a-helix similar to that of GPVI 34 ( Figure 1D ).
The calmodulin inhibitor W7 induces Sema4D shedding in resting platelets
We next asked whether inhibiting the calmodulin-Sema4D interaction is sufficient to trigger Sema4D shedding, starting with a pharmacologic approach to inhibition. W7 (N-(6-aminohexyl)-5chloro-1-naphthalenesulfonamide) is a membrane-permeable compound that has been shown to induce shedding of other platelet membrane proteins. 33, 36, 43, 44 It is thought to do this either by causing a change in the structure of calmodulin 45 or by occupying the hydrophobic pocket found in calmodulin. 46 In the experiments summarized in Figure 2A , platelets were incubated with 150 mM W7 for up to 60 minutes. Intact Sema4D appeared as a 150-kDa protein on immunoblots with an antibody directed against the C-terminus of the protein. The appearance of a 120-kDa soluble Sema4D exodomain fragment was detected with an antibody to the Nterminus. Loss of full-length Sema4D and appearance of the soluble fragment were detectable 5 minutes after the addition of W7, reaching maximal accumulation under these conditions after approximately 30 minutes. Half-maximal cleavage at 60 minutes required 50 to 100 mM W7 ( Figure 2B) .
A synthetic peptide corresponding to the calmodulin-binding sequence binds to both recombinant calmodulin and platelet calmodulin
To determine whether calmodulin can actually bind to its putative binding site in Sema4D, a peptide corresponding to Arg762-Lys779 (designated CBPS) was synthesized, as was a variant peptide in which 4 basic residues were substituted with alanine residues (designated vCBPS) ( Figure 3A) . Two assays were used to examine whether calmodulin can bind to CBPS. In the first, recombinant calmodulin conjugated to agarose was incubated with CBPS and vCBPS. CBPS became bound; vCBPS did not ( Figure 3B ). In the second assay, biotinylated CBPS and biotinylated vCBPS were incubated with platelet lysate. Peptide-calmodulin complexes were isolated on avidin-conjugated agarose, subjected to electrophoresis, and then probed with anti-calmodulin. The CBPS peptide retrieved calmodulin from platelet lysates; the vCBPS peptide did not ( Figure 3C ). The binding affinity for the CBPS-calmodulin interaction was measured by using I-CaM. 41 As shown in Figure 3D , addition of CBPS to I-CaM caused an increase in IAEDANS fluorescence; addition of vCBPS did not. Titrations of CBPS to I-CaM were monitored by the change in IAEDANS fluorescence and fitted to standard hyperbolic function ( Figure 3E ). The calculated equilibrium dissociation constant was 165 6 40 nM, which is between that of GPVI and L-selectin. The vCBPS peptide did not fit the titration curve. 
Membrane-permeable CBPS peptide triggers Sema4D cleavage in platelets
To determine whether CBPS peptide can trigger Sema4D cleavage in platelets, we first tested whether myristoylated CBPS and myristoylated vCBPS are able to penetrate the platelet plasma membrane and cause the dissociation of calmodulin from Sema4D. Both peptides were conjugated with FITC and incubated with platelets. Binding was detected by flow cytometry. Passage into the cytoplasm was detected by confocal fluorescence microscopy. The same peptides lacking myristate were used as additional controls. Only the myristoylated versions bound to and entered the platelets ( Figure 4A-B) . Pulldown experiments showed that myristoylated CBPS also caused dissociation of calmodulin from Sema4D, but myristoylated vCBPS did not ( Figure 4C ). Finally, immunoblotting showed that myristoylated CBPS, but not the myristoylated vCBPS, caused time-and concentration-dependent cleavage of Sema4D, as detected by loss of the full-length protein and the appearance in the supernatant of the 120-kDa fragment ( Figure  4D -E). Thus, using the peptide to act as a decoy is sufficient to trigger cleavage and shedding of Sema4D.
Myristoylated CBPS peptide also triggers cleavage of GPVI and GPIba in platelets
In addition to Sema4D, calmodulin binds directly to other platelet receptors, including GPIbb and GPVI, and dissociation of the calmodulin from the receptors has been shown to facilitate shedding. 47 Upon entering into platelets, myristoylated CBPS may act as a calmodulin sink to break the dynamic equilibrium of free and bound calmodulin and therefore could induce cleavage of GPVI and GPIba in platelets. To test this hypothesis, we examined the effect of CBPS on the cleavage of GPVI and GPIba. 32, 35 Myristoylated CBPS, but not vCBPS, induced cleavage of GPVI and GPIba. However, higher concentrations of the peptide were required (Figure 4F-G) . , allowed to spread on immobilized fibrinogen for 60 minutes, and examined by differential interference contrast (DIC) and confocal fluorescence microscopy. The images are representative of at least 3 independent experiments. (C) Platelets (5 3 10 8 /mL) were incubated with 5.0 mΜ CBPS or vCBPS for 30 seconds, lysed, and immunoprecipitated with anti-Sema4D N-terminal antibody (1E8G9). Proteins were immunoblotted with an anti-calmodulin antibody and an anti-Sema4D C-terminal antibody (n 5 3). (D) Gel-filtered platelets were incubated with 50 mΜ CBPS. Soluble 120-kDa fragment was detected with an N-terminal antibody. Full-length 150-kDa Sema4D in the platelet pellets was detected by using the Sema4D C-terminal antibody. (E) Gel-filtered platelets were incubated with CBPS or vCBPS for 60 minutes at 37°C. (F,G) Gel-filtered platelets were incubated with CBPS, vCBPS, or W7 for 60 minutes at 37°C. Platelet pellets and supernatants were separated and blotted with GPVI antibody (6B-12) or GPIba antibody (SZ2). *P , .05; ***P , .001 compared with control (n 5 3). N.S., not significant (n 5 3).
CBPS induces metalloprotease-mediated Sema4D shedding without causing platelet activation or enhancing ADAM17 activity
Sema4D shedding appears to be a normal consequence of platelet activation, and we have previously shown that it occurs when platelets are activated by agonists as diverse as thrombin, collagen, TxA 2 mimetics, and PMA. 23 To be sure that CBPS was not causing Sema4D cleavage by unexpectedly causing platelet activation, we incubated platelets with the peptide and used the appearance on the platelet surface of the a-granule membrane protein P-selectin (CD62P) as a marker of platelet activation. The results show that there is no significant increase in P-selectin expression in CBPS-treated samples compared with vCBPS-treated or untreated platelets ( Figure 5A ). To determine whether CBPS activates ADAM17, we measured platelet ADAM17 activity with a specific substrate. Collagen produced a measurable increase, but CBPS did not ( Figure 5B ). Collectively, these results suggest that CBPSinduced cleavage is not due to either platelet activation or ADAM17 activation. Additionally, we tested whether CBPSinduced Sema4D shedding, like agonist-induced shedding, is sensitive to the metalloprotease inhibitors GM6001 and TAPI-2. Both inhibitors prevented shedding ( Figure 5C )
Deletion of the Sema4D calmodulin binding domain triggers constitutive shedding
Finally, the role of calmodulin-binding domain in the membraneproximal region in Sema4D shedding was assessed by mutational analysis. Constructs of full-length Sema4D or Sema4D truncated after either residue P761 (denoted P761D) or D781 (denoted D781D) were expressed in Chinese hamster ovary cells. These two truncation mutants bracket the newly identified calmodulinbinding site ( Figure 6A ). The amount of soluble Sema4D constitutively released into the culture medium was monitored by immunoblotting ( Figure 6B, upper panel) . Surface expression was measured by flow cytometry (middle panel). The ratio of soluble Sema4D to surface Sema4D was normalized against the corresponding ratio observed in cells expressing wild-type Sema4D and was used to denote the extent of Sema4D shedding (lower panel).
The results show that all three constructs produce measurable amounts of soluble Sema4D 48 hours after transfection. However, compared with the wild-type, the P761D construct, which lacks the calmodulin-binding domain, showed both an increase in soluble Sema4D and a decrease in Sema4D surface expression. The D781D construct, which retains the calmodulin-binding domain, did not. 
Discussion
Sema4D is a transmembrane glycoprotein that is of interest to platelet biology because of its ability to amplify thrombus formation by binding to receptors on adjacent platelets, allowing it to serve as a source of contact-dependent signaling when activated platelets come into stable proximity with each other. 24 Our previous studies have shown that Sema4D is cleaved in an ADAM17-dependent manner from activated platelets, producing a 120-kDa exodomain fragment at a rate that lags well behind markers of platelet activation such as aggregation and storage granule exocytosis. 23 Potential mechanisms for regulating the cleavage of Sema4D include both an agonist-driven increase in ADAM17 activity and an agonist-dependent increase in the accessibility of Sema4D to the protease, perhaps involving a conformational change in Sema4D.
Here we have asked whether the regulation involves an interaction between the Sema4D cytoplasmic domain and calmodulin. The results show that in resting platelets, calmodulin is bound to Sema4D, forming a complex that dissociates when platelets are activated. Addition of W7, a molecule that is thought to interfere with the binding of calmodulin to its targets, 45 triggers cleavage of Sema4D, as does a membrane-permeable peptide corresponding to the putative calmodulin-binding site in Sema4D. Separate experiments show that this peptide can bind to calmodulin and, when added in a membrane permeable form, can enter intact platelets and cause dissociation of the Sema4D-calmodulin complex. A variant peptide lacking key basic amino acid residues has no apparent effect. Finally, deletion of the putative calmodulin-binding domain induces constitutive shedding of Sema4D.
A model for Sema4D cleavage that incorporates these observations is shown in Figure 7 . We propose that the release of calmodulin from Sema4D causes a conformational change that promotes access to ADAM17. Consistent with this conclusion, addition of the synthetic Sema4D cytoplasmic peptide causes shedding without a measurable increase in ADAM17 activity. Precisely how platelet activation causes dissociation of the calmodulin-Sema4D complex and how dissociation of the complex results in cleavage of the Sema4D extracellular domain is not yet entirely clear.
It is interesting to note that the peptide that triggered the shedding of Sema4D also induced cleavage of GPVI and GPIba, despite the fact that these are structurally different proteins and, at least in the case of GPVI, a different metalloprotease (ADAM10) is thought to be responsible for cleavage. This implies a generality of the mechanism by which calmodulin regulates the shedding of platelet membrane proteins. Presumably, there is a dynamic balance between bound and unbound calmodulin. The relatively higher concentration of the Sema4D peptide needed to cause cleavage of GPVI and GPIba compared with Sema4D could reflect differences in the sequences of each of these proteins at the calmodulin-binding site, differences in the affinity of calmodulin for the 3 proteins, 32, 35 or differences in their accessibility to the peptide.
The role of calmodulin in Sema4D shedding bears some resemblance to its role in shedding GPIba 31 and GPVI. 31, 48 The net effect is not the same, however. Shedding of GPIba and GPVI removes molecules that are essential for the binding of platelets to collagen and for platelet activation. Sema4D also has an indirect role in amplifying platelet responses to collagen. However, the Sema4D exodomain fragment retains biological activity at its target receptors, some of which are expressed on nearby platelets, while others are expressed by endothelial cells. 13, 49 Thus, shedding of Sema4D can potentially have both local and remote effects.
The finding that Sema4D exodomain cleavage is regulated by calmodulin is helpful in understanding the impact of agonist-induced shedding of platelet surface molecules during thrombus formation. Sema4D on the platelet surface plays a role in platelet activation by amplifying signaling downstream of the platelet collagen receptor GPVI. 23, 24 However, Sema4D cleavage and shedding from platelets lags well behind platelet aggregation, 23 causing us to conclude that soluble Sema4D may be most relevant for events other than hemostasis. Given that Sema4D receptors are expressed by endothelial cells, B cells, dendritic cells, and some cancer cells, such events might include wound healing, angiogenesis, tumor extension, and the immune response. Although there are data that support each of these possibilities, much of that data has been obtained in studies on mice with a global defect in Sema4D expression or on isolated cells in which recombinant soluble Sema4D has been shown to elicit receptormediated responses. Whether mechanistic information about the regulation of Sema4D shedding offers new strategies for manipulating hemostasis or thrombosis is under investigation. For now, it is clear that Sema4D cleavage and shedding from platelets is an actively regulated event in which the dissociation of calmodulin from Sema4D triggers shedding by allowing ADAM17 access to its cleavage site. The subsequent fate and the biological impact of soluble Sema4D derived from platelets is an intriguing question that remains to be fully addressed. Figure 7 . A proposed model of Sema4D exodomain shedding regulated by the interaction of calmodulin with the Sema4D cytoplasmic domain. Sema4D was shown to be a calmodulin-binding protein with a site of interaction in the membrane-proximal cytoplasmic domain that regulates the cleavage of the membraneproximal exodomain of Sema4D by ADAM17. It was proposed that releasing the association of calmodulin with Sema4D by incubation with a peptide CBPS or a calmodulin inhibitor W7 induces the conformational change that favors to the accessibility of its sheddases, mediating Sema4D shedding. This peptide also induces cleavage of GPVI and GPIba, implying a generality of this mechanism that calmodulin regulates shedding of platelet membrane receptors regardless of what their sheddases are.
